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Part 1 of this article(1) describes the 
basic design and realization of comb- 
line bandpass filters. A computerized 
design procedure has been developed 
that takes basic design information 
and generates a mechanical filter 
design that will give the performance 
required. Due to the closed-form nature 
of the mathematical expressions used, 
the whole design procedure can be 
executed on a personal computer in a 
matter of seconds. Due to the speed of 
the computer design procedure, de- 
signs can be iterated in very little time 
in order to optimize the realizability of 
the filter. Part 2 of this article gives 
some examples of these filter designs. 
Filters with and without end-element 
impedance transformation that use 
coaxial interfaces, and techniques 
used to build these filters for operation 
at millimeter-wave frequencies will be 
shown. Also, the design procedure will 
be extended to cover millimeter-wave 
filters that have waveguide interfaces. 


Coaxial Interface 


A filter interfaced to standard 50-ohm 
coaxial line is often required, and the 
design procedure given in Part 1 can 
be used to generate the basic filter 
design. While this design gives the 
mechanical configuration of the filter 
elements, the input and output to the 
filter are simply represented as imped- 
ances. (For the following purposes it 
will be assumed that 50 ohms is the 
required termination impedance.) By 
using either the modified end-element 
impedance transformer (Figure 9B, 
Part 1), the constant-bandwidth trans- 
former or the broad-bandwidth design 
without any impedance transforma- 
tion, the ground connections for all of 
the rectangular bars in the filter are 
located on the same end. This leaves 
the tuning capacitance and the input/ 
output connections to be at the other 
end of the bars. In order to simplify 
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assembly and tuning, it is desirable to 
have access to the tuning screws from 
the same side as the connection into 
and out of the filter. The connection to 
the first element in the filter (either an 
impedance transformer or resonator) 
needs to be made to the top of the ele- 
ment from a direction in line with the 
row of rectangular blocks, but perpen- 
dicular to them. This is simply accom- 
plished by using a thin, flat tab of a 
coaxial connector as an air dielectric 
section of microstrip transmission line 
connected to the top of the first ele- 
ment perpendicular to the rectangular 
bar, as shown in Figure 1. This short 
section of microstrip line should 
attach to the top of the first element in 
the filter structure and have a thick- 
ness much smaller than the height of 
the resonator element. If this thick- 
ness and height are comparable, then 
the large relative dimension of the 
microstrip feed line tends to act as a 
tapped impedance transformer at the 
junction with the first element, there- 
by changing the terminal impedance 
at the connection to the filter. This 
problem manifests itself during tuning 
as poor VSWR. It is convenient to use 
the tab of a connector, which usually 
has a thickness of 0.005 inches, or 
some 0.002-inch thick gold-plated shim 
material. This short section of air 
dielectric microstrip line has to be 
perpendicular to the element and rigid, 
as the first tuning screw is located 
immediately above this line. If this 
line is not perpendicular to the ele- 
ment, then unacceptably small gaps 
between the element and the tuning 
screw can result in a short circuit 
during thermal cycling. 


It is also difficult in most cases to 
achieve a 50-ohm air dielectric micro- 
strip line using realizable tab dimen- 
sions. In actuality, this section of 
transmission line would be more accu- 
rately described as rectangular 
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“trough-line,” but air dielectric micro- 
strip closely approximates the physi- 
cal situation. The impedance of this 
microstrip line tends to be slightly 
higher than 50 ohms, but due to the 
short length of this line, it can be 
tuned closer to 50 ohms by adjusting 
the first tuning screw, which adds 
capacitance to this section of line, 
thus lowering its impedance closer to 
50 ohms. 


Microwave Filter Example 


To illustrate the design of combline 
filters for microwave frequencies, a 
very challenging design for a 75% frac- 
tional bandwidth filter is given below. 


This filter is a non-redundant design, 
where all the elements in the filter 
contribute to the filter performance 
(i.e., there are no impedance-trans- 
formers). The basic mechanical con- 
struction of this filter is used for the 
majority of microwave and millimeter- 
wave combline filters that require 
coaxial interfaces and can be used for 
narrower bandwidth filters as well as 
those that require impedance-trans- 
forming elements. The filter is a 19th- 
order, equal-ripple Chebyshev design 
that gives a very selective response 
and is physically small. The size of 
this filter is 2.32 x 0.66 x 0.5 inches, 
excluding connectors, and rivals other 
technologies (i.e., suspended substrate 
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and lumped elements) in the perform- 
ance achieved in such a small volume. 
A photograph of the filter is shown in 
Part 1, Figure 1, of this article [1]. The 
transition from the coaxial connector 
to the top of the first resonator, as 
described above, can be seen in this 
photograph. Millimeter-wave filters 
using either K™ or 2.4-mm connectors 
utilize the same tab transition onto the 
top of the first element. However, for 
the millimeter-wave applications, the 
tab terminates at the other end in a 
pin that is compatible with both K or 
2.4-mm types of replaceable flange 
connectors, thereby allowing inter- 
changeability between these two styles 
of millimeter-wave coaxial connector. 


The design parameters of the filter 


Coaxial 
5.8-12.75 


Coaxial 
33-37 


19 4 
0.01 0.01 


Bandwidth Correction 
Factor, % 74 60 


90.0 


length, degrees 40.0 45.0 


Approx. Tuning 
Capacitance, pF 


0.35-0.62 0.077 
Cavity Width, inches 0.360 0.100 
Cavity Height, inches 0.146 0.042 
Width of Resonators, in. .045-.088 0.040 


Height of Resonators, in. 0.126 0.032 


are shown in Table 1 in the column 
under the coaxial 5.8-12.75 GHz head- 
ing. In this design, the filter terminal 
impedance is 50.1 ohms and is ob- 
tained by shortening the resonator 
length to 40.0 degrees and by lowering 
the node impedance of the first ele- 
ments. As this filter does not have an 
impedance transformer element at the 
ends, the width of the first element is 
fixed by the requirement to match to 
50 ohms. This match is found to be at 
a width of 0.045 inches and a starting 
node impedance of 49.4 ohms. The 
other elements of the filter have dif- 
ferent starting node impedances, 
which increases the width of the reso- 
nators such that they are in the range 
of 0.072 to 0.088 inches. As a result, a 
reasonable diameter tuning screw can 


ce 


Coaxial 
25-40 


Waveguide Waveguide Waveguide 
41-47 


33-37 = 26.5-40.0 


8 4 
0.01 0.01 0.01 0.001 


60 93 60 65 
00.0 95.0 92.0 98.3 
45.0 45.0 45.0 45.0 


0.070 0.053 0.077  .079-.096 
0.180 0.090 0.100 0.110 
0.043 0.034 0.042 0.045 
0.072 0.036 0.040 0.044 
0.033 0.028 0.032 0.035 








be used to achieve the relatively high 
resonator tuning capacitance of 
0.35 pF to 0.62 pF. The tuning screws 
used require at least 0.1 inches be- 
tween centers and are self locking due 
to the nature of the threads. All 19 
tuning screws are used to tune the 
center frequency of the resonators. 
There are no coupling tuning screws 
or locking screws to complicate the 
design. A detailed plot of insertion loss 
and return loss for this filter is shown 
in Figure 2. The worst-case in-band 
return loss is about 14 dB (a VSWR of 
1.5:1) and an insertion loss better than 
1 dB (nominally 0.5 dB over most of 
the band). The rejection characteris- 
tics are very good, with the response 
being 40-dB down at 500 MHz below 
the passband and 40-dB down at 
about 400 MHz above the passband. 
The theoretical out-of-band rejection 
achieved with a Chebyshev filter is 
given by the following equation: 


L = 10. Log,) [1+ r.cosh2 
{n.cosh-! (|fp-fy| .2/B) } ] 
Where, 


L = Loss at frequency fp, dB 
r = In-band ripple, dB 
n = Order of the filter 
fp = Rejection frequency 
fy = Passband center frequency 
B = Passband bandwidth 
lfp-fo | = The absolute value of fR-fo 


The rejection performance measured 
is not as good as theory would predict. 
This is due in part to a smaller pass- 
band than theoretically predicted, due 
to the approximations in the design 
and also due to the “Q” losses of the 
resonators that tend to round off the 
passband response at the band edges. 
The “Q” loss is particularly noticeable 
at the high-band edge of the passband 
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14.0 GHz 


in Figure 2, where the higher fre 
quency makes these losses more pro- 
nounced. If the passband is defined as 
the maximum equal-ripple return-loss 
bandwidth (i.e., between the 14-dB 
return loss points), then the above 
equation would predict a rejection of 
538 dB at 5.35 GHz and 41 dB at 
13.18 GHz (assuming the revised pass- 
band frequencies are 5.83 GHz to 
12.83 GHz, a 19th-order design with 
0.01 dB ripple). This is almost ex- 
actly the rejection measured at the 
13.18 GHz frequency on the high side 
of the band, but about 10 dB off on 
the low side of the band. As noted in 
Part 1 of this article, there are approx- 
imations in the design and the low- 
pass-to-bandpass mapping is not 
always accurate, but the performance 
of this filter is very good considering 
the broad fractional bandwidth (about 
75%) that this filter exhibits. 


Techniques for Tuning 
Combline Filters 


To those who have never tuned one of 
these filters before, the thought of pre- 
cisely aligning as many as 19 tuning 
screws, with their infinite combina- 
tions, may seem like an impossible 
task. For the narrow-band filters, just 
knowing where to start tuning is diffi- 
cult, as there is usually no recogniz- 
able filter response shown on the test 
set-up at the start of alignment. How- 
ever, while tuning skills can be devel- 
oped, there are systematic methods 
used to achieve optimum alignment of 
these filters. 


Dishal [2,3] has described tuning proce- 
dures for alignment of interdigital fil- 
ters. These methods require either 
loosely coupling a probe to the reso- 
nators, or phase and amplitude mea- 
surement of the return loss. The 
method described below is used to 
align the combline filters described in 
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this article and only requires the use 
of a scalar network analyzer. The fol- 
lowing alignment method is simple 
and has proved very effective for fil- 
ters of varying bandwidth. There are 
basically two systematic methods used 
to tune combline filters; the method 
used depends on the bandwidth of 
the filter. 


For the narrow-band case, all tuning 
screws are backed out, away from the 
resonators, while for the broad-band- 
width case, the tuning screws, except 
for the two end ones which are dis- 
engaged (only if they are impedance- 
transforming elements), are screwed 
in all the way, thus shorting to the 
resonators. The procedure for the 
narrow-band case is to start turning 
the first resonator tuning screw (i.e., 
the first screw on a non-redundant 
design or the second screw on a design 
with impedance transformers) so as to 
reduce the gap at the top of the reso- 
nator while observing the input return 
loss, until a minimum is observed at 
the center-band frequency, fp. This 
minimum approaches from the high 
frequency side of fy and may only be 
a fraction of a dB, but can be observed 
with a scalar network analyzer on a 
0.5 dB per division setting. The next 
tuning screw is then screwed in until 
there are two minima located sym- 
metrically about fp. Then, the next 
tuning screw creates 3 minima, one 
at fp and the other two located sym- 
metrically about fp. This process is 
repeated until all resonators have been 
tuned, leaving only the two end tuning 
screws for those designs with imped- 
ance transformers. These end screws 
are adjusted for overall passband 
return loss. It is usually only neces- 
sary to adjust each screw very slightly 
after this initial alignment for opti- 
mum performance. 


The tuning procedure is essentially 


the same for the broad-bandwidth 
case, except that the tuning screws are 
all first shorted to the top of the reso- 
nators, except for the screws over the 
impedance-transforming elements. 
Tuning of the resonator is achieved by 
turning the tuning screw so that the 
gap at the top of the resonator is in- 
creased (i.e., decreasing the tuning 
capacitance). The return loss mini- 
mum approaches fp from the low- 
frequency side. Tuning of the other 
screws follows in a similar manner as 
described for the narrow-bandwidth 
case. In order to obtain the best pos- 
sible response for broad-bandwidth 
filters, the fine-tuning step after initial 
alignment may need to be repeated a 
few times. 


Examples of Millimeter-wave 
Coaxial interfaced Filters 


Both narrow-bandwidth (centered at 
30 GHz) and broad-bandwidth (cover- 
ing the frequency range 25 GHz to 
40 GHz) combline filters with coaxial 
interfaces are described to illustrate 
the above tuning procedure at milli- 
meter-wave frequencies. Table 1 gives 
the parameters of a 35-GHz narrow- 
bandwidth filter (under the column 
describing the coaxial 33-37 GHz fil- 
ter), with a picture of this filter shown 
in Figure 3. The filter uses 2.4-mm 
coax connectors, which can be used 
up to frequencies in excess of 50 GHz. 
However, the design of these filters 
was such that they could accommo- 
date the Wiltron K-Connector™ directly 
instead of the 2.4-mm connector. Con- 
nection from the coaxial connector to 
the first element in the filter is 
achieved by a specially machined tab 
that has a 0.012-inch diameter pin at 
the connector end. This allows the tab 
connection to the first filter element 
as described previously, while the pin 
connects to the replaceable coaxial 
connector at the other end. The per- 


formance of this 35-GHz filter is given 
in Figure 4, and shows an insertion 
loss of about 1 dB, with a passband 
return loss of about 20 dB. The 4th- 
order characteristic of this filter is 
clearly shown by the four maximum 
peaks in the return-loss characteristic 
of Figure 4. 


The broad-bandwidth filter param- 
eters are given in Table 1 under the 
column describing the coaxial 
25-40 GHz filter. The more challeng- 
ing task of designing for a broad band- 
width with this style of filter is shown 
in this example. The response of the 
filter is given in Figure 5, which shows 
that the measured passband is from 
25 GHz to 40 GHz. This measured 
passband is wider than expected, indi- 
cating the need to artificially reduce 
the bandwidth prior to running 
through the design process by more 
than originally anticipated. The actual 
bandwidth correction factor for this 
filter is 60%. This shows that with the 
electrical and mechanical parameters 
for this high-frequency broad-band- 
width filter, a different bandwidth 
correction factor is required than that 
for lower-frequency filters, where a 
bandwidth factor of 80% is more com- 
mon. The performance of this filter is 
very good over the full Ka waveguide 
band (26.5 GHz to 40 GHz), with less 
than 1-dB insertion loss and better 
than 1.7:1 VSWR. 


Waveguide Interface 


Unlike the case of microstrip or coax- 
ial interfaces on combline filters, the 
transition from waveguide into the 
coupled rectangular bars of the filter is 
not as simple. For waveguide, the 
energy propagating down the wave- 
guide needs to be channeled and 
directed into the coaxial filter struc- 
ture. One method that can be used 
would be to make the transition into 
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Figure 4. Performance of 35-GHz combline filter with 2.4-mm coaxial connectors. 


Figure 3. A 4th-order, 35-GHz combline filter with 2.4-mm coaxial connectors. 
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coax by the use of an E-field transition 
probe and then from the coaxial line 
into the filter, as described above in 
the section on coaxial interfaces. Alter- 
natively, by reverting back to the ori- 
ginal unmodified configuration for the 
end transformers (with the ground con- 
nection on the opposite side from the 
resonators), one can conceive of a fil- 
ter structure that has the E-field 
probes feeding directly into the first 
element. Other methods exist that use 
an intermediate length of coaxial 
transmission line between the wave- 
guide and the filter elements, but they 
are all mechanically complex and will 
require very tight machining and 
alignment tolerances in order to per- 
form acceptably. 


What is needed is a mechanically 


simple structure for the transition 
from waveguide into the filter ele 
ments that does not require absolutely 
precise alignment accuracy and is 
easy to assemble. One solution is to 
utilize single-ridged waveguide [4] to 
couple into the first filter element. 
Quarter-wavelength stepped-imped- 
ance single-ridged waveguide trans- 
former sections are used to transform 
from the terminal impedance of the 
filter (which is also the impedance of 
the last section of ridged waveguide) 
to the waveguide impedance. The sub- 
tlety of this approach is in the selec- 
tion of the terminal impedance of the 
filter and how the ridged waveguide 
couples into the first resonator ele- 
ment of the filter. 


The first problem to solve is the 
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method of ending the ridged section 
of waveguide and making the transi- 
tion into the filter in a mechanically 
simple fashion. Figure 6 illustrates 
one concept that has been developed 
to solve this transition problem for 
narrow-bandwidth waveguide filters. 


In practice, the section of single-ridged 
waveguide absorbs the impedance- 
transforming element at the end of the 
rectangular coax filter. As this ele- 
ment is supposed to be a section of 
rectangular coax, simply connecting 
the section of ridged waveguide to this 
element will change the impedance of 
the section and destroy the impedance 
match that it is intended to achieve. 
What is needed is to preserve the 
coupling capacitance and impedance- 
matching characteristics of this ele- 
ment, while simultaneously reducing 
the width of the element to zero. This 
is accomplished, as shown in Figure 6, 
by allowing the width, W,, to be 
reduced to zero while absorbing this 
element into the ridged waveguide, 
thus preserving the coupling into the 
first resonator of the filter. While this 


procedure is approximate in nature, 
narrow-bandwidth filters designed 
this way perform very well, as shown 
in the examples given below. 


The first step is to design a basic coax 
filter that has a zero-width impedance- 
transformer element at the ends of the 
filter. This can indeed be done due to a 
correction made to the width of this 
element caused by the fringing fields 
(assuming that all the fringing fields 
exist as the width of the element is 
reduced to zero). The situation required 
is one where the fringing capacitance 
of the end element cancels out its own 
even-mode capacitance. This occurs at 
a unique terminal impedance for the 
filter for a given physical geometry. 
Using the filter design already devel- 
oped for the coax version of the comb- 
line filter described previously, the 
design program is iterated while 
changing the terminal impedance of 
the filter until the width of the imped- 
ance-transformer element vanishes to 
zero. For the filters described below, 
this occurs at a terminal impedance of 
about 100 ohms. The dimensions of 


4 FILTER 
RESONATORS 
RIDGED FILTER RIDGED 
WAVEGUIDE SECTION WAVEGUIDE 
TRANSFORMER Wel pew, —s TRANSFORMER 


RECTANGULAR 
COAXIAL IMPEDANCE 
TRANSFORMER ELEMENT 
(absorbed into ridge structure) 


Figure 6. Ridged waveguide quarter-wave transformer transition to coaxial combline filter. 
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the filter resonators and thickness of 
the ridge in the ridged waveguide has 
to be selected such that the end face of 
the ridge has the same thickness and 
height as that of the zero-width trans- 
former element. 


The next stage in the design is to con- 
struct the single-ridged impedance 
transformer to transform from the fil- 
ter terminal impedance to the wave 
impedance of the waveguide. (The 
wave impedance is defined as the ratio 
of the transverse electric to transverse 
magnetic field in the guide.) For the 
examples given below, this amounts 
to transforming from approximately 
100 ohms to 500 ohms. This can be 
done by designing a stepped quarter- 
wavelength single-ridged waveguide 
impedance transformer. The design 
procedure that follows is very approxi- 
mate due to the inhomogeneous nature 
of the waveguide sections and no 
claims to its accuracy are made. How- 
ever, it has proved acceptable for the 
narrow-bandwidth filters described 
below. A different, and possibly more 
accurate, treatment of this problem is 
covered in the design of the broad- 
bandwidth waveguide filter. 


For any given bandwidth, there exists 
an optimum set of step impedances, 
for a given number of steps, that 
yields a Chebyshev-type equal-ripple 
match that minimizes the VSWR over 
the required frequency range selected. 
This procedure is described by Cohn [5] 
and readily lends itself to be solved on 
the computer. The design assumes 
that if these impedances are created in 
the ridged waveguide quarter-wave- 
length sections, then the required 
transformation will be achieved. There 
is uncertainty as to which definition of 
impedance in the ridged waveguide to 
use and this will be discussed later. 


In order to keep the length and loss of 
the single-ridged transformer sections 


to a minimum, the number of sections 
in the transformer should be mini- 
mized. While multiple sections over 
the full waveguide bandwidth can be 
constructed, the added complexity is 
unnecessary for narrow-bandwidth 
designs (a full waveguide-band trans- 
former is described later). For the filter 
examples given below, a 3-step (i.e., 
two intermediate impedances between 
the waveguide impedance and the ter- 
minal impedance of the filter) trans- 
former covering approximately a 1.2 
bandwidth ratio will give excellent 
return loss performance and achieve 
the transformation in minimal length. 
For waveguide, the bandwidth ratio is 
given by the lowest frequency guide 
wavelength divided by the highest fre- 
quency guide wavelength. Unfortu- 
nately, the guide wavelength at the 
two frequencies is different in the 
sections of ridged waveguide than that 
in the rectangular waveguide. As the 
guide wavelengths of the ridged- 
waveguide sections are not known at 
the start of the design, the ratio of 
guide wavelengths in the rectangular 
waveguide can be used to determine 
the bandwidth ratio. 


Examples of Millimeter-wave 
Waveguide Interface Filters 


To illustrate the above design proce- 
dure, a rectangular coax combline 
bandpass filter with a center fre- 
quency of 44 GHz and a B-Band 
(WR 22, 33 GHz to 50 GHz) rectangular 
waveguide interface is described 
below. The required electrical specifi- 
cation for the filter is entered into the 
design equations on the computer with 
an initial guess at the terminal imped- 
ance for the filter. The physical reali- 
zation of the filter is in a 0.090-inch 
cavity using resonators that are 0.036- 
inch thick (i.e., a resonator thickness 
to cavity width ratio of 0.4). This small 
cavity size is chosen to increase the 
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cutoff frequency of any spurious wave- 
guide modes, thus further assuring 
that the stop-band performance of the 
filter is maintained. The program is 
iterated, changing the terminal imped- 
ance, until the width of the end-trans- 
former section decreases to zero. This 
has been found to occur with a ter- 
minal impedance of 95.0 ohms. Simul- 
taneously, during these iterations, the 
node impedances of the filter are ad- 
justed to make all the resonators have 
the same width. The complete specifi- 
cation for the filter is given in Table 1, 
under the waveguide 41-47 GHz filter 
column, and the physical realization 
of this design is shown in Figure 7. 


Knowledge of the required terminal 
impedance for the filter allows the 
impedance transformer to be designed. 
First, the waveguide impedance needs 
to be calculated. For this example, the 
WR 22 (0.224-inch x 0.112-inch) rec- 
tangular waveguide was tapered to 
WR 19 (0.188-inch x 0.094-inch) in 
order to raise the cut-off frequency of 
the waveguide and to reduce the dis- 
continuity susceptance in the transi- 
tion region between the ridged wave- 
guide and the coax filter. Using the 
following relationships for TE, 9 
modes in air dielectric waveguide: 


esl seem LD ee 1 

eel eT 
and, 

Zo = 377.Lg/Lo 
Where, 

L, = Guide wavelength 


Lo = Free-space wavelength 
L. = Waveguide cut-off 
wavelength 


Waveguide characteristic 
impedance 


The definition of waveguide imped- 
ance as the ratio of transverse electric 
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and magnetic fields (wave impedance) 
appears to be a logical choice to use in 
matching to the terminal impedance 
of the filter. However, using this defi- 
nition makes the determination of the 
ridged waveguide dimensions rather 
complex. A different definition of 
waveguide impedance is based on the 
power carried by the waveguide 
(power impedance) and applies to 
infinite frequency. In order to deter- 
mine the impedance at a specified fre- 
quency, the impedance must be multi- 
plied by L,/Lo. This impedance, Zing, 
is defined as: 


Zint = V2 / (2.P) 


Where, 
V_ = Peak voltage across the 
center of the ridge 
P = Average power carried by 
the guide 


To illustrate the above, the narrow- 
bandwidth filters are designed using 
the wave impedance definition, while 
the broad-bandwidth filter uses the 
power definition of impedance. 


At a frequency of 44 GHz, the guide 
wavelength and the wave characteris- 
tic impedance are found to be 0.383- 
inch and 538.0 ohms, respectively. 
Cohn’s procedure [5] is then used to 
design a 3-step (two intermediate 
impedances) quarter-wavelength 
stepped impedance transformer to 
match 538.0 ohms to 95.0 ohms over 
the frequency range of 40 GHz to 
48 GHz. This procedure gives 
347.2 ohms and 147.2 ohms as the two 
intermediate impedances, with a better 
than 1.05:1 VSWR. 


We are now in a position to synthesize 
three sections of single-ridged wave- 
guide with impedances of 347.2 ohms, 
147.2 ohms and 95.0 ohms. A sketch of 
the stepped impedance transformer is 
shown in Figure 8 and all that re- 
mains is to determine the step heights 
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(d;, dg and dg) and the lengths (L; and 
Ly) that make the intermediate steps 
appear electrically 90° long. 





The design procedure used for the 
single-ridged waveguide is based on 
that described by Hopfer (4). Using the 
95.0-ohm section of ridged waveguide 


as an example, the following param- 
eters are used to evaluate the un- 
known parameter, d3. 


a/b = 0.5 

s/a = 0.1915 

Y, = 1/Zp = 1/95.0 = 0.01053 
13 


Where, 
a = Wide waveguide dimension 
b = Narrow waveguide 
dimension 
s = Thickness of the ridge 


First, an estimate of d/b is made, 
where d is the distance between the 
top of the ridge and the waveguide 
(dg for this section). In this case, 0.1 
is used as the initial guess for d/b 
and, using Figure 9, the value for the 
normalized cut-off wavelength, L,/a, 
is determined. Although this set of 
curves is valid for b/a = 0.45, they 
can be used if a correction to L,/a is 
made for the actual value of b/a = 0.5. 
The parameter F, is read off from 
Figure 10 and the correction made as 
follows: 


L,/a (corrected) 
= L,/a + Fy.(b/a - 0.45) 


Using L,/a = 5.16 and F, = 1.85, the 
corrected value for L,/a is found to 
be 5.253. The guide wavelength, Lg, 
is then determined using the relation- 
ship between L,, Lo and L, shown 
above. The design procedure [4] uses 
the power definition of impedance, 
and it is assumed that the wave defi- 
nition of impedance can be used in 
place of the power definition. Knowing 
L, allows the admittance at infinite 
frequency to be determined as follows: 


Vn = Vali 


Using this value for Yi,¢ and 
s/a = 0.1915, the value d/b = 0.22 can 
be read from Figure 11. It is assumed 
that the error introduced by using this 
design curve (based on a power defini- 
tion of impedance) is minimal. The 
value determined for d/b represents a 
better guess at the final value, but is 





























































































































in error due to the slightly incorrect 
value of L, that comes from using 
the initial value of d/b = 0.1. Using 
the new value for d/b = 0.22 and iter- 
ating the above procedure allows the 
design to converge on the final value 
of d/b = 0.20. In practice, the number 
of iterations needed is only 2 or 3, and 
in the above example it takes only one 




















more iteration to arrive at the final 
value of d/b = 0.20. The above proce- 
dure is then repeated for the other 
sections of ridged waveguide. 


Having determined the heights of the 
ridged sections, all that remains is to 
determine the lengths of the two 
quarter-wavelength intermediate sec- 
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tions of ridged waveguide (L; and Lg 
in Figure 8). The initial length of these 
sections is calculated from the follow- 
ing expression: 


Ligan. L 
Length = mesh he 
2.(Lig49 aE Leas) 
Where, 
L490 = Guide wavelength at 
40 GHz 
= Guide wavelength at 
48 GHz 


This length is then corrected to 
account for the fringing fields at the 
step in the ridge. The procedure used 
is covered in Section 6.08 of refer- 
ence [6]. The value for the shunt sus- 
ceptance at this junction is taken from 
Figure 5.07-11 of reference([é). The 
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equivalent circuit used to represent 
this junction is that for an asymmetric 
junction. As the majority of the fields 
are concentrated above the ridge, the 
values for the shunt susceptance 
obtained are assumed to be the same 
as if the ridge extended across the 
whole width of the waveguide, thus 
allowing the use of the above informa- 
tion directly. The value of this shunt 
susceptance and the use of the proce- 
dure given in reference[é] is highly 
questionable due to the inhomoge- 
neous sections of waveguide, which 
have different guide wavelengths that 
are physically different compared to a 
step that extends across the whole 
width of the waveguide. However, as 
long as the steps are relatively small, 
then this correction is minor and even 
though it is not entirely accurate, it 
gives acceptable results. 





The final design of this 44-GHz filter 
is given in Figure 8 and Table 1 
under the heading for the waveguide 
41-47 GHz filter. This 44-GHz filter is 
shown in Figure 12, and its perform- 
ance in Figure 13. The insertion loss is 
less than 1 dB, with greater than 
20-dB return loss across the passband 
of the filter. 


A similar filter was designed for a cen- 
ter frequency of 35 GHz that uses the 
same central combline section as the 
filter shown in Figure 4, only with 
waveguide interfaces instead of the 
coax interfaces. The design param- 
eters for this filter are given in Table 1 
under the heading for the waveguide 
33-37 GHz filter. Figure 14 shows the 
split-block construction of this filter, 
with the performance shown in Fig- 
ure 15. 


Broad-Bandwidth Millimeter- 
wave Waveguide Filter Example 


The design procedure described above 


produces acceptable results when 


applied to narrow-bandwidth designs. 
However, when designing for broad 
bandwidths, the errors introduced due 
to approximations and discontinuities 
cannot be easily tuned out as is the 
case with narrow-bandwidth designs. 
The following example is for a comb- 
line filter with a pass bandwidth that 
covers the whole Ka waveguide band 
(26.5 to 40 GHz). 


As stated earlier in this article, broad- 
bandwidth combline filters tend to 
have a low filter-terminal impedance. 
Thus, it is not only unnecessary to try 
to absorb a zero-width impedance 
transformer element into the ridged 
waveguide, but it is also undesirable, 
due to the approximations and as- 
sumptions in the design approach. By 
designing the broad-bandwidth filter 
without impedance-transformer ele- 
ments, the connection into the filter 
can be made by simply connecting a 
metal tab from the top of the ridged 
waveguide to the top of the first filter 
element in a manner similar to the 
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Figure 13. Performance of 44-GHz combline filter with waveguide interfaces. 









Figure 14. A 4th-order, 35-GHz combline filter with waveguide interfaces showing split- 
block construction and ridged waveguide transition. 
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microstrip tab transition shown in 
Figure 1. By keeping the length of this 
tab short, the resulting discontinuity 
can be minimized and acceptable per- 
formance achieved. 


The filter is designed to cover 
26.5 GHz to 40 GHz as a 9th-order, 
0.001-dB equal-ripple Chebyshev type, 
with 45-degree resonators using a 65% 
bandwidth correction factor. The start- 
ing node impedances are adjusted so 
that all of the resonators have a width 
of 0.030 inches. The combination of all 
of these inputs to the design, results in 
a required terminal impedance of 
98.3 ohms. A summary of the param- 
eters of this filter are given in Table 1 
under the heading for the waveguide 
26.5-40.0 GHz filter. 


The problem now is to design a quar- 
ter-wavelength singleridged wave- 


2 GHz/DIV 
FREQUENCY 








F2: 40.000 GHz 








guide transformer that can provide the 
impedance transformation from the 
WR28 rectangular waveguide into the 
98.3-ohm terminal impedance of the 
filter. With traditional waveguide fil- 
ters, the absolute value of waveguide 
impedance is not important, since all 
filter impedances can be normalized to 
the characteristic impedance of the 
waveguide no matter which definition 
of impedance is used. This is not the 
case for combline filters with wave- 
guide interfaces discussed in this arti- 
cle. An absolute value of the terminal 
impedance at the combline filter is 
known and this needs to be trans- 
formed to the waveguide impedance. 


There are several ways to approach 
this problem, all with varying degrees 
of accuracy. For this filter example, 
the use of the power definition of 
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impedance in the waveguide sections 
is adopted. From Figure 11, it can be 
seen that d/b=1 is the case for wave- 
guide with no ridge present, and an 
infinite frequency impedance of 
339 ohms results (1.e., an infinite fre- 
quency admittance of 0.00295 mhos). 
This is equivalent to the power defini- 
tion of impedance for free space (the 
wave definition of impedance of free 
space is 377 ohms). If it is assumed 
that the power definition of imped- 
ance at the input to the filter is 
98.3 ohms, then a simple iteration of 
the ridged-waveguide design proce- 
dure, as described for the narrow- 
bandwidth case, gives a required ter- 
minal impedance at infinite frequency 
of 93.1 ohms. 


The design procedure using the power 
definition of impedance at infinite fre- 
quency, as given in[4], can now be 
used to match the rectangular wave- 
guide impedance of 339 ohms to 
93.1 ohms over the 26.5 to 40 GHz fre- 
quency range. While this does produce 
acceptable results, it would be more 
accurate to transform the terminal 
impedance at the filter (assumed to be 
equivalent to a wave impedance) to 
the power impedance before determin- 
ing the guide wavelength, and then 
calculate the power impedance at infi- 
nite frequency. We already know the 
relationship between the wave and 
power definitions of impedance at in- 
finite frequency (i.e., free space), and 
this may be used to scale the terminal 
impedance of the filter prior to deter- 
mining the impedances of the quarter- 
wavelength transformer sections. 


To convert from wave impedance to 
power impedance, multiplying the 
wave impedance by the ratio of the 
power impedance and wave imped- 
ance at infinite frequency (ie. by 
339/377) may produce more accurate 
results. The effect and applicability of 
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this impedance transformation has 
yet to be determined, and the design 
presented below does not include this 
step. 


The ridged waveguide transformer 
uses 4 steps and is designed to cover 
the frequency range from 25 GHz to 
41 GHz, in order to give some design 
margin. This gives a fractional band- 
width of 2.62, as determined by the 
ratio of guide wavelengths, and results 
in a theoretical maximum return loss 
of 24.5 dB over the band of interest. 
The values of infinite frequency imped- 
ance from the rectangular waveguide 
to the terminal impedance of the filter 
are, therefore: 


Waveguide Section Impedance 
Rectangular = 339.0 ohms 
1st ridged = 267.9 ohms 
2nd ridged = 177.7 ohms 
3rd ridged = 117.8 ohms 
4th ridged = 938.1 ohms 


For the given value of s/a=0.157, the 
value for d/b can be derived from 
Figure 11 by using the above values of 
infinite frequency impedance (note 
that Ying = 1/Zing). Given d/b, Fig- 
ures 9 and 10 can be used to determine 
L, and L,, and the lengths of the inter- 
mediate sections of ridged waveguide 
are determined in the same way as 
described in the section on narrow- 
bandwidth designs. 


Figure 16 shows the insertion loss and 
return loss achieved with this filter 
over the frequency range 20 GHz to 
40 GHz. As the Ka-band waveguide 
approaches its cut-off frequency below 
22 GHz, the response shown from 
20 GHz to 22 GHz is not valid because 
an accurate calibration of the test 
equipment cannot be made. The filter 
performs very well over the 26.5 to 
40 GHz frequency range with a worst- 
case VSWR of about 1.5:1. 


This filter is designed with 9 resona- 
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tors in order to assure that the rejec- 
tion at 44 GHz is greater than 30 dB 
below the passband response. The test 
equipment used to measure the re- 
sponse shown in Figure 16 was limited 
to an upper frequency of 40 GHz. To 
test the high frequency rejection re- 
sponse, a B-band (33 GHz to 50 GHz) 
waveguide test set-up is used that 
employs a WR22 to WR28 tapered 
waveguide transition to connect to the 
filter. The results of measuring the 
insertion loss and return loss over the 
33 GHz to 50 GHz frequency range 
are given in Figure 17, and show that 
the rejection of the filter at 44 GHz 
greatly exceeds the requirement to be 
30 dB below the passband response. 
































Conclusion 


The design and manufacture of micro- 
wave and millimeter-wave combline 
filters with coaxial interfaces has 
been shown. Examples of coaxial fil- 
ters for operation up to 40 GHz have 
been given. It appears that the fre- 
quency limitation of these coaxial fil- 
ters is determined by the mechanical 
accuracy required. Coaxial interface 
combline filters for operation in ex- 
cess of 40 GHz can be manufactured, 
but the limited use of coaxial equip- 
ment above 40 GHz shows that there 
is only a limited need as yet. 


Millimeter-wave combline filters with 
waveguide interfaces have also been 
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shown. Both broad and narrow pass- 
band filters can be designed and 
manufactured using combline-style 
technology. This type of filter has 
proved to be a high-performance de- 
sign that is relatively easy to manu- 
facture. The lack of spurious responses 
close to the required passband make 
these filters an attractive alternative 
to other styles. The broad-bandwidth 
waveguide design can cover a full 
waveguide bandwidth and provide 
excellent rejection characteristics and 
low insertion loss. 


While combline-style bandpass filters 
may not be ideal for every filter re- 
quirement, they are very versatile and 
have proved to be adaptable to most 
filter requirements. 
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